active transport that exhibits complex kinetic behavior. The specificity of the trainsport system was characterized both at low concentrations of transport substrate (where affinity for L-tyrosine or L-phenylalanine is high but capacity is low) and at high concentrations (where affinity is low but capacity is high). Specificity was not found to differ significantly as a function of either L-tyrosine or L-phenylalanine concentration. Kinetic analysis showed that the relationship between the uptake of L-phenylalanine and L-tyrosine is strictly competitive. Neither L-tyrosine nor L-phenylalanine uptake was competitively inhibited by other naturally occurring L-amino acids, indicating the importance of the phenyl side chain to uptake specificity. Hence, it is concluded that L-tyrosine and L-phenylalanine are transported by a common system that is specific for these two amino acids. The abilities of analogue derivatives of L-tyrosine and L-phenylalanine to inhibit the uptake of L-["C]tyrosine and L-["CIphenylalanine competitively were determined throughout a wide range of substrate and inhibitor concentrations. In this manner, the contributions of the side chain, the a-amino group and the carboxyl group to uptake specificity were established. It is concluded that the positively charged a-amino group contributes more significantly to uptake specificity than does the negatively charged carboxyl group. The recognition of a phenyl ring is an essential feature of specificity; other amino acids with aromatic side chains, such as the indole and imidazole rings of L-tryptophan and L-histidine, do not compete with L-tyrosine and L-phenylalanine for uptake. The presence of the p-hydroxy substituent in the side chain (as in L-tyrosine) enhances the uptake of the aryl amino acid analogues investigated.
The transport of small molecules into microbial cells has been studied extensively, most notably in the prokaryotic EscherichiaSalmonella and in the eukaryotic NeurosporaSaccharomyces organisms. The majority of studies involve kinetic and specificity analyses. Among the most impressive modern accomplishments in the field of microbial transport are the discovery of the phosphoenolpyruvatedependent phosphotransferase system for hexose sugar transport by Roseman (21) , the characterization of the M protein for ,B-galactoside transport by Fox et al. (9) and the development of the membrane vesicle system by Kaback (13) .
The surprisingly sparse literature about transport in Bacillus subtilis, a major experimental system of biochemical genetics, includes studies of the uptake of citrate (24) and purines (5) , a general survey of amino acid uptake (4) , and characterization of an arginine permease (8) . Information about a number of specific transport systems existing for amino acid transport was obtained recently with a membrane vesicle system in B. subtilis (16) . Analysis of competitive inhibition of the transport of a given amino acid by other amino acids in the membrane vesicles of B. subtilis indicated that L-tyrosine and L-phenylalanine share a common transport system. L-Tyrosine and L-phenylalanine enter cells of S. typhimurium (1), E. coli (20) , N. crassa (19) , and S. cerevisiae (10) via multiple systems of transport, each system having distinctive specificity characteristics.
The design of affinity-labeling reagents that are highly selective for particular catalytic sites requires a knowledge of specificity characteristics. The tyrosine-phenylalanine system of transport in B. subtilis appears to possess characteristics of affinity and specificity that are suitable for the approach of affinity labeling (22) . The present analysis provides data that may aid in the design of affinity labels capable of covalent linkage to a specific binding site used for the transport of L-tyrosine and Lphenylalanine in B. subtilis. The success of this approach at the whole cell level would help resolve many questions about the physiological nature of the transport process.
MATERIALS AND METHODS Organism. B. subtilis isolate H69, a prototrophic derivative of strain 168 (2) , was used exclusively in these studies. Isolate H69 has a genetic background that prevents degradation of N-chloroacetyl derivatives of L-tyrosine or L-phenylalanine, probably owing to the loss of some proteolytic activity. Mutation to loss of ability to cleave N-acetyl groups from L-tyrosine or L-phenylalanine permits the accurate assessment of a-amino analogues of L-tyrosine and Lphenylalanine, as inhibitors of transport. Isolate H69 has the following history. The tyrosine auxotroph NP 35 (7), a nutritional mutant that can degrade Nchloroacetyl tyrosine to L-tyrosine, utilizing the Ltyrosine to satisfy the growth requirement, was mutagenized with 1 -methyl-3-nitro-1-nitrosoguanidine as previously described (12) . A survivor isolate which could not utilize N-chloroacetyl tyrosine to satisfy the L-tyrosine auxotrophy was cloned and purified. A spontaneous revertant to nutritional independence was selected from the auxotroph, cloned for purification, and assigned the isolate number H69.
Cultivation media. The composition of the minimal salts-glucose-trace elements medium was previously given (11) . Solid medium contained the ingredients of liquid medium plus 1.5% (wt/vol) agar (Difco). Stock cultures were maintained on AK sporulation medium (Baltimore Biological Laboratories) at room temperature. Old cell populations were rejuvenated by growth on Trypticase soy agar (BBL) in overnight culture at 37 C prior to inoculation into minimal salts-glucose medium.
Media used in uptake experiments. Net increase in growth mass was prevented by nitrogen starvation after suspension of cells in minimal salts-glucose medium lacking ammonium sulfate.
Initial inoculum for transport experiments. A 200-ml culture grown in a 1-liter culture flask to an absorbance at 600 nm of about 0.5 (mid-exponential phase of growth) was harvested. The pellet obtained by centrifugation was resuspended in a 10-ml volume of fresh minimal salts-glucose medium. Portions of 1.0-ml were quick-frozen in liquid nitrogen and stored at -80 C in a Revco freezer until needed. These concentrated cell preparations did not require added glycerol to maintain viability. The replicate samples provided consistent inocula characteristics, yielding entirely comparable results over storage intervals of at least a month. Storage vials were thin-walled, plastic culture tubes (capped) from Scientific Products.
Uptake protocol. A storage vial containing frozen cells of strain H69 was thawed at room temperature and used to adjust 20 ml of minimal salts-glucose medium at 37 C to a turbidity of 13 (14) in 40 ml of absolute tetrahydrofuran at 0 C. After 20 min at 0 C, the solution was gradually added (within several minutes) to an ice-cooled solution of excess (about 6 g) diazomethane (prepared from Diazald according to literature from the Aldrich Chemical Co.) in 400 ml of ether. After about 15 min of additional stirring, the evolution of nitrogen was complete, and dry hydrogen chloride gas was slowly bubbled into the solution for 15 min. After concentration of the mixture in vacuo, the residual oil was dissolved in a minimum of acetone, and the product was precipitated by addition of petroleum ether (bp 30-60 C). The yellow solid was recrystallized from methanol, yielding pale yellow crystals of N, O-dicarbobenzoxy tyrosine chloromethyl ketone (mp 122-124 C; nuclear magnetic resonance (NMR) spectrum 1 mmoll) was deblocked by refluxing in 30 ml of dry trifluoroacetic acid under a stream of dry hydrogen chloride gas for 15 min. The resultant dark-brown solution was evaporated to an orange oil by placing it in an evacuated desiccator over sodium hydroxide pellets. The residue was taken up in 200 ml of water and extracted with three 50-ml portions of methylene chloride. Residual methylene chloride was removed from the aqueous phase by rotary evaporation in vacuo. The solution was passed through a column (34 by 2.5 cm) of SE-Sephadex, C-25, in the acid form, and the chloromethyl ketone was retained by the column. The column was washed with 600 ml of water, and the chloromethyl ketone hydrochloride was eluted with 0.05 M hydrochloric acid (the chloromethyl ketone was eluted between 600-700 ml). The aqueous solutions were concentrated in vacuo to a light-yellow solid, 1.2 g. The product could not be recrystallized without decomposition. The elemental analysis was not satisfactory although it was close to theoretical values. However, the NMR spectrum was clearly consistent with the expected chloromethyl ketone: NMR (CF3COOH, 6 values): 3.4 
The chloromethyl ketone derived from phenylalanine (23) and the chloromethyl ketone derived from leucine (6) were prepared as described in the references cited. The bromomethyl ketone derived from phenylalanine was the generous gift of Elliott N. Shaw.
RESULTS
Kinetic features of the uptake system. Measurements of the uptake of L-tyrosine or L-phenylalanine into whole cells of B. subtilis were done at exogenous concentrations ranging from 1 to 100 pM. Uptake velocities of both L-tyrosine and L-phenylalanine exhibited reasonably good proportionality with respect to uptake time. The curves given in Fig. 1 illustrate uptake as a function of time at low (4 ,M) and high (100 ,uM) concentrations of L-tyrosine or L-phenylalanine. More exact determinations of initial velocities were not necessary to the objectives of this study. The variation of transport velocity as a function of L-tyrosine or L-phenylalanine concentrations extends over a very large range. Graphical presentation of the data in double reciprocal form reveals the biphasic dependence of transport velocity upon either L-tyrosine (Fig. 2) or L-phenylalanine concentration (Fig. 3) was inhibited by L-tyrosine, the inhibition was again strictly competitive (Fig. 3) .
Kinetic evaluation of the data is consistent with interpretations involving either: (i) a mixture of two independent transport systems, each recognizing both L-tyrosine and L-phenylalanine, or (ii) a single system exhibiting negative cooperative interactions (17) exerted between substrate-binding components of the transport system. Regardless of which interpretation is correct, specificity characteristics might differ depending upon whether assays are done at low concentrations of transport substrate (i.e., measuring the high affinity-low capacity system) or at high concentrations (i.e., measuring the low affinity-high capacity system). Hence, most experimental protocols called for inhibitor analysis at three concentrations of L- [1 4C ]tyrosine or L-["C ]phenylalanine (i.e., 1, 10, and 100 uM). The ratios of test inhibitor to "4C-labeled substrate in a given test series were ordinarily 1, 10, and 100. Since the results to follow indicate that L-tyrosine and L-phenylalanine share a common system(s) for their transport, the effects of various inhibitors on L-phenylalanine and L-tyrosine uptake are presented together (Tables 1-6 ) for a more convenient comparison.
Effect of 4-substituted phenylalanines. The uptake of both L-phenylalanine and L-tyrosine was substantially decreased by analogues having halo substituents at the 4-position of the L-phenylalanine ring. Substitution of an amino group at the 4-position led to much less inhibition of L-phenylalanine or L-tyrosine uptake (Table 1) . fl-2-thienylalanine (also included in Table 1 were competitive inhibitors of Lphenylalanine and L-tyrosine uptake.
Effects of amino acids. The common L-aamino acids were also tested as inhibitors. A detailed set of data are given in Table 2 to indicate the inhibitory capabilities of L-leucine (neutral), L-aspartate (acidic), and L-arginine (basic). Of these, L-leucine is an excellent inhibitor of both L-tyrosine and L-phenylalanine uptake. L-Aspartate is a fairly good inhibitor, while L-arginine is a poor inhibitor. At the highest concentrations of L-[14C ]phenylalanine or L- [1 4C ] tyrosine used, a characteristic and significant increase in inhibition of uptake by other amino acids was observed. These inhibitions are noncompetitive, and the effect is the greatest for the low affinity-high capacity system having the larger Vmax.
The ability of other L-amino acids to inhibit the uptake of L-tyrosine (along with some data for L-phenylalanine) is summarized in (Table 2) . Among the remaining amino acids, L-threonine, L-isoleucine, L-valine, and L-cysteine were among the most effective inhibitors (all noncompetitive). L-Alanine was distinctly more inhibitory to L-phenylalanine uptake than to L-tyrosine uptake. The effect of amino acids (other than alanine) on Lphenylalanine uptake was similar to the effects noted on L-tyrosine uptake. L-Tryptophan and L-histidine were among the poorest inhibitors of L-tyrosine or L-phenylalanine uptake.
Contribution of a-amino or carboxyl group to binding. The N-acetyl and N-chloroacetyl derivatives of L-tyrosine are qualitatively better as inhibitors of L' [14 ] tyrosine uptake than of L-[14C]phenylalanine uptake (Table 4) . On the other hand, the two corresponding N-acyl derivatives of phenylalanine are poor inhibitors of both L-phenylalanine and L-tyrosine uptake. The N-acyl derivatives of other amino acids were equal to or less effective than the parent compounds as inhibitors (D'Ambrosio, unpublished results).
When the carboxyl group of L-tyrosine or L-phenylalanine was replaced by an uncharged ketone, e.g., tyrosine chloromethyl ketone, phenylalanine chloromethyl ketone, or phenylalanine bromomethyl ketone ( was measured a three concentrations extending over a 100-fold range of the biphasic saturation curves (Fig. 2-3) . b Unlabeled inhibitor molecules were present at 1, 10, or 100 times the concentration Qf radiolabeled transport substrate.
( Table 1 ). The transport system exhibited little specificity for all of the dihydroxy analogues of L-phenylalanine lacking either an a-amino or a carboxyl group (Table 6) .
DISCUSSION
Permease multiplicity appears to be a common mechanism providing microorganisms with the capacity to deal efficiently with very broad concentration ranges of one or more exogenous amino acids (1, 8, 13, 15, 18) . The physiological utility of such mixed systems seems apparent. One component is frequently a high affinity-low capacity uptake system that allows cells to scavenge and concentrate low concentrations of extracellular amino acids for utilization in protein synthesis. A second component may be a low affinity-high capacity uptake system, appropriate to the utilization of the greater amounts of amino acids required for use as a carbon and energy and/or nitrogen source. Usually the high capacity system of transport is less specific than the high affinity system.
The existence of a mixed system of transport in B. subtilis for L-tyrosine and L-phenylalanine uptake is probably the most obvious interpretation of the biphasic dependence of transport velocity upon L-tyrosine or L-phenylalanine concentration. In the case of a mixed system, correction of the kinetic parameters for transport by the high affinity system at high substrate concentration would yield Km values that differ by a factor of about 2 with little effect on the stated Vlmax values. However, an alternative interpretation of the biphasic kinetics could involve a single system exhibiting negative cooperativity (17) . The failure of a variety of nutritional conditions to alter the ratio of the two kinetically defined transport phases (S. Stenmark and R. Jensen, unpublished observations) as well as the lack of specificity difference between them furnish tentative support to a negative cooperative model. Further information is necessary to decide between these mechanisms. One approach to the differentiation of these possibilities involves data about the heterogeneity of the protein. The difficulty in applying this criterion to membrane-bound transport systems is that one protein of a heterogeneous mixture could be lost, e.g., owing to denaturation or simply to lack of over a 100-fold range of the biphasic saturation curves (Fig. 2-3) . b Unlabeled inhibitor molecules were present at 1, 10, or 100 times the concentration of radiolabeled transport substrate.
binding of substrate by the membrane-free protein. Application of affinity labeling, leading to a covalently bound radioactive label, would allow positive identification of any transport protein initially involved in binding. The design of appropriate affinity-labeling reagents requires a knowledge of the structural features of the substrates that contribute to binding. Fortunately, derivatives of phenylalanine and tyrosine are available that are not only suitable for specificity studies but are also potential affinity-labeling reagents. Significant variations in specificity are not observed when different concentrations of L-tyrosine or Lphenylalanine are used in uptake experiments. L-Tyrosine and L-phenylalanine seem to compete with one another for the same binding sites, independent of concentration; inhibition of the transport of each by the other is strictly competitive. Hence, the complexity indicated by the biphasic kinetics of uptake does not appear to reflect differing specificities. The existence of a common system(s) for the transport of L-tyrosine and L-phenylalanine in B. subtilis is consistent with data obtained using a membrane vesicle system (16) . It is of interest that the kinetic characteristics of the whole cell and membrane vesicle systems are similar for L-tyrosine and L-phenylalanine transport. No kinetic data have been reported for the membrane vesicle system at relatively high concentrations of transport substrate (16) . A distinct tendency for greater inhibition of uptake by L-amino acids, e.g., aspartate or leucine, is noted when high concentrations of L-tyrosine or L-phenylalanine are used. However, these inhibitions are noncompetitive (D'Ambrosio, unpublished results) and therefore do not reflect characteristics of the site(s) under study. The noncompetitive inhibitions may reflect such phenomena as allosteric effects, displacement of the L-tyrosine-L-phenylalanine pool capacity from the "inside," or accentuated efflux.
The lack of specificity of the L-tyrosine-Lphenylalanine system for L-tryptophan and Lhistidine contrasts sharply with the general aromatic permease of S. typhimurium (1) . The bulky side chain of L-tryptophan probably accounts for poor binding owing to steric factors. The hydrophilic nature of the imidazole ring of L-histidine and the structural difference introduced by replacement of the p-hydroxyl group of L-tyrosine by the p-amino group of p-aminophenylalanine probably account for reduced binding to the site that is specific for neutral hydrophobic aromatic rings. Possible effects depending upon positively charged side chains of L-histidine and p-aminophenylalanine seem unlikely at the neutral pH values used. The hydrophobic nature of the binding site is further indicated by the good inhibition of L-tyrosine and L-phenylalanine uptake by ,B-2-thienylalanine, a compound having a hydrophobic aromatic side chain.
Our results indicate that the positively charged a-amino group is essential to uptake specificity; on the other hand, the negatively charged carboxyl group can be converted to a neutral carbonyl group with only moderate losses in uptake. N-Acetyl and N-chloroacetyl phenylalanine are poor inhibitors of aromatic amino acid uptake. Steric inhibition of binding owing to the increased bulk at the a-amino group cannot account for the reduced uptake, since N-acetyl and N-chloroacetyl tyrosine are good competitive inhibitors. Furthermore, structural analogues of aromatic a-amino acids lacking the a-amino group altogether, such as p-hydroxyphenylacetic and p-hydroxycinnamic acids, are poor inhibitors of uptake. The phydroxyl group of the N-acyl tyrosine derivatives could compensate for the loss of the positive charge on the a-amino group by serving as an acceptor for a neutral hydrogen bond donor in the binding site for the side chain.
However, it is also evident that the p-hydroxy group of other tyrosine analogues (Table 5) cannot compensate for decreased uptake when either the carboxyl group or a-amino group is not present, suggesting that even the uncharged amino and carboxyl derivatives may contribute to binding (probably through hydrogen bonding interactions).
Modification of the negatively charged car- boxyl groups of L-tyrosine and L-phenylalanine to give neutral halomethyl ketones produced the greatest differentiation between L-tyrosine and L-phenylalanine uptake. Uptake of L-tyrosine was inhibited significantly more than Lphenylalanine by the chloromethyl ketone derivatives of tyrosine and pheynlalanine or by phenylalanine bromomethyl ketone. Absence of a carbonyl group, as in tyramine or N-chloroacetyl tyramine, decreased uptake markedly; the uncharged carbonyl group could be serving as an acceptor for a hydrogen bond donor located in the carboxylate binding site. This contribution to binding may partially compensate for the loss of negative charge. Carboxyl modifications resulting in the loss of charge do not lead to the drastic effects on uptake that attend amino modifications leading to loss of charge.
B. subtilis possesses a transport system that is highly specific for the side chains of L-tyrosine and L-phenylalanine. It is also clear that the positively charged amino group is important for uptake specificity. Modification of the carboxyl group of either of these amino acids to form the chloromethyl or bromomethyl ketone derivatives does not seriously reduce uptake. Therefore, these halomethyl ketones are excellent candidates as affinity labeling reagents that may permit the specific marking and subsequent physicochemical characterization of the aromatic amino acid binding protein(s) of B. subtilis.
